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Atomic Structure of Scallop Myosin
Subfragment S1 Complexed with MgADP:
A Novel Conformation of the Myosin Head
to the actin filament axis). State II clearly represents
the structure of the head during the transition state of
hydrolysis. Since both a nucleotide-free structure (Ray-
ment et al., 1993a) and nucleotide-bound structures
(Fisher et al., 1995; Gulick et al., 1997) have been ob-
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served in state I, it is still uncertain whether this state³Biophysics and Structural Biology Program
corresponds to a conformation of the head prior to hy-Brandeis University
drolysis (i.e., a weak actin-binding ATP state) (GulickWaltham, Massachusetts 02254-9110
and Rayment, 1997) or to that at the end of the contrac-
tile cycle (i.e., a strong actin-binding state) (Holmes,
1997). Thus, the precise relationship between the differ-Summary
ent structural states observed so far and their corre-
spondence with specific steps in the enzymatic cycleThe crystal structure of a proteolytic subfragment
of ATPase activity has not yet been established.from scallop striated muscle myosin, complexed with
Moreover, neither of these states accounts for certainMgADP, has been solved at 2.5 AÊ resolution and re-
significant biochemical data (Goldman, 1998). For exam-veals an unusual conformation of the myosin head.
ple, neither structure reveals how the two sulfhydryls atThe converter and the lever arm are in very different
either end of the so-called SH1 helix can be cross-linkedpositions from those in either the pre±power stroke
in the presence of ADP (Reisler et al., 1974; Wells andor near-rigor state structures; moreover, in contrast to
Yount, 1980; Huston et al., 1988). Kinetic studies havethese structures, the SH1 helix is seen to be unwound.
also shown that nucleotide binding is a multistep pro-Here we compare the overall organization of the myo-
cess (Lymn and Taylor, 1971; Bagshaw and Trentham,sin head in these three states and show how the con-
1974) accompanied by the disorder of probes in theformation of three flexible ªjointsº produces rearrange-
myosin head (Ostap et al., 1995; Berger et al., 1996).ments of the four major subdomains in the myosin
The structural basis for these findings is not yet clear.head with different bound nucleotides. We believe that
In order to describe the actomyosin cycle, a model re-this novel structure represents one of the prehydroly-
quiring only two conformational states of S1 (one withsis (ªATPº) states of the contractile cycle in which the
a high and the other with a low affinity for actin) havemyosin heads stay detached from actin.
been advanced (Holmes, 1997). There is good evidence,
however, that the ATP state differs from both the ADP´Pi
and the strong actin-binding states and corresponds toIntroduction
a very weak binding state that is sensitive to ionic
strength and allows myosin to detach readily from actinCurrent structural data on the conformation of myosin
(Brenner et al., 1982). According to Gulick and Raymenthave revealed two states of the myosin head at atomic
(1997), at least three states are required: assigning stateresolution, but there are conflicting interpretations of
I as an ATP state, the rigor state would correspond totheir place in the contractile cycle. These two states
a somewhat different structure in which the 50 kDa cleftdiffer by the closure of the 50 kDa cleft within the motor
is fully closed.domain and by the position of the converter and the
Here we describe a structure for the scallop myosinorientation of the lever arm. The first state (called here
head bound to MgADP. Striking features seen in thisªstate Iº), observed in the structure of chicken S1 (Ray-
novel conformational state of myosin (ªstate IIIº) are thatment et al., 1993a), corresponds to an ªopenº conforma-
the SH1 helix is unwound and that a distinctive positiontion of the cleft and an orientation of the converter that
of the converter leads to an unusual orientation of thepositions the lever arm in a so-called ªdownº orientation
lever arm close to the axis of the actin helix. This struc-(at an angle of approximately 458 to the actin filament
ture allows us to account for many previously puzzlingaxis). Structural studies of expressed myosin head con-
properties of the molecule. The structure also revealsstructs in the presence of ADP´Pi or ATP analogs (Fisher
the detailed organization of the myosin head moreet al., 1995; Smith and Rayment, 1996; Dominguez et
clearly than was possible before. Comparison of theal., 1998) have revealed a second state (called here
three structural states of myosin allows us to describeªstate IIº) in which closure of the 50 kDa cleft near the
here how certain small structural elements in S1 functiong-phosphate leads to a distinctive orientation of the
as ªjointsº that permit coordinated movement of theconverter that positions the lever arm in a so-called ªupº
major subdomains within the motor domain so thator ªprimedº position (at an angle of approximately 908
structural transitions of the head occur with different
bound nucleotides. We also present arguments that this
§ To whom correspondence should be addressed (e-mail: ccohen@ structure is not, in fact, a strong actin-binding ADP state
binah.cc.brandeis.edu). but may represent one of the ATP states of the molecule.‖ Present address: CNRS EP 2075, UFR des Sciences Pharmaceu-
Note that we have also obtained two other conforma-tiques et Biologiques, 4 avenue de l'Observatoire 75 270 Paris cedex
tional states of scallop S1, albeit at lower (4 AÊ ) resolution06, France.
(A. H. et al., in preparation). These structures show that# Present address: RD Systems, Inc., 614 McKinley Place, N. E.
Minneapolis, Minnesota 55413. scallop S1 adopts a conformation in the absence of
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Table 1. Data Collection, Refinement, and Model Quality Statistics
Space group P1
Cell parameters (AÊ ) a 5 51.7 AÊ , b 5 58.9 AÊ , c 5 138.9 AÊ ,
a 5 89.18, b 5 90.08, g 5 73.58
Data Collection Overall Low Resolution Outer Shells
Resolution range (AÊ ) 40.0±2.5 40.0±3.0 3.0±2.8 2.8±2.5
Unique reflections 43,838 31,505 6,365 5,968
Multiplicity 3.0 3.6 1.8 1.4
Data completeness (%) 80.60 98.9 90.1 38.5
I/s 11.6 10.2 6.2 6.0
Rsym (%)a 4.8 4.6 10.7 11.0
Model Refinement
Resolution range (AÊ ) 30.0±2.5
Completeness in range (%) 80.5
No. of reflections in range 43,833
No. of protein/ligand atoms 8242/30
No. of water molecules 104
Model Quality
R factor (%)b 22.44
Rfree (%)c 29.72
Mean temperature factor (AÊ 2) MD/lever arm 52.3/64.1
Mean temperature factor (AÊ 2) Mg21´ADP/waters 27.6/39.9
Ramachandran outliers none
Rms bond length (AÊ ) 0.010
Rms bond angles (8) 1.474
Rms dihedrals (8) 25.913
Rms improper (8) 0.461
Cross-validated coordinate error d (AÊ ) 0.43
a Rsym 5 Shkl Si|Ii 2 ,I.|/Shkl SiI, where ,I. is the mean intensity of reflection hkl.
b R factor 5 Shkl||Fobs | 2 | Fcalc ||/Shkl|Fobs|, where Fcalc and Fobs are, respectively, the calculated and observed structure factor amplitudes for
reflection hkl.
c Ffree was calculated with 5% of the data.
d Calculated with the Rfree reflections.
nucleotide that is similar to that of state I as seen in chicken S1 (state I) and by about 908 from that found in
the transition state structures (state II). The orientationschicken skeletal myosin (Rayment et al., 1993a) and a
of the upper and lower 50 kDa subdomains are alsoconformation in the presence of ADP´VO4 that is similar
significantly different in this structure from that foundto that of state II as seen in expressed chicken smooth
in either state I or II structures. This structure thereforemuscle myosin (Dominguez et al., 1998). We believe,
corresponds to a third state (state III) for a myosin head.therefore, that this scallop structure can be meaningfully
In this conformation, the overall orientation of the lowercompared with the structures obtained from different
50 kDa subdomain is shifted as a rigid body by aboutmyosin isoforms.
108 from that found in structures of state I and by about
158±208 from that of state II; these two rotations occur,
however, about two roughly perpendicular axes (FigureResults
2). These differences in the orientation of the lower 50
kDa subdomain affect the so-called 50 kDa cleft thatOverall Description: A Third Structural State
separates the lower and upper 50 kDa subdomains. Inof the Myosin Head
contrast to the structures of state II, this cleft is openThe X-ray structure of scallop S1 with bound MgADP
at the bottom near the binding site of the g-phosphatehas been determined to a nominal resolution of 2.5 AÊ
(as found in structures of state I). The cleft is, however,(see Experimental Procedures and Table 1). One striking
partially closed at the top where actin binds, thus dif-
finding is that the SH1 helix is disordered, which induces
fering from both states I and II. This structure therefore
a distinctive position of the converter (Houdusse and presents a distinctive interface for the interactions with
Cohen, 1996; see also below) and, correspondingly, an actin.
unusual position of the lever arm with an angle of z158 The lever arm of myosin is an extended domain com-
to the actin filament axis that is very different from that prising a long heavy chain helix (residues 775±835) stabi-
found in either chicken S1 (state I) (z458) (Rayment et lized by the binding in tandem of the essential light chain
al., 1993a) or smooth motor domain±essential light chain (ELC) and the regulatory light chain (RLC) (Rayment et
construct (MDE) with bound MgADP´AlF42 (state II) al., 1993a; Xie et al., 1994). The overall conformation of
(z908) (Dominguez et al., 1998) (see Figure 1). In the the isolated lever arm of scallop myosin refined to 2.0
scallop structure, the converter and the lever arm are AÊ resolution (Houdusse and Cohen, 1996) is very similar
rotated in the direction of the lower 50 kDa subdomain to that found in the structure of scallop S1 complexed
from their position in state I. The overall orientation of with MgADP, with an rms difference between 344 Ca
atoms of the lever in these two structures of 0.71 AÊ .the converter differs by about 358 from that found in
Figure 1. A Third State for the Myosin Head
Stereo diagram of the structure of scallop S1 complexed with MgADP (state III) (A) compared to ribbon diagrams of the chicken striated S1
(state I) (B) and the chicken smooth MDE±AlF42 (state II) (C) structures. The structures are oriented so that the lower 50 kDa subdomains
(white) superimpose. Note that the converter (green) and the lever arm (heavy chain, cyan; ELC, pink; RLC, purple) adopt very different
positions in the three structures. The four subdomains of the motor domain are labeled, as are three structural elements that articulate
movements within the head: switch II (residues Ile461±Asn470, orange); the relay (residues Asn489±Asp515, yellow); and the SH1 helix
(Cys693±Phe707, red). The region that is most different among these three structures is the SH3 motif (black). Note that the SH1 helix is
unwound in the scallop structure (A). To illustrate the unusual position of the lever arm in this structure (which we believe is not bound to
actin), we have included the approximate direction of the actin filament (shown by an arrow), relative to the lower 50 kDa subdomain, deduced
from an actomyosin docking model (Whittaker et al., 1995). Note, however, that since both this structure and the pre±power stroke state
represent weak actin-binding states, no data are available to describe their interactions with actin. We assume here that the actin filament
axis and the lower 50 kDa subdomain would remain in similar relative orientations.
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Figure 2. Subdomain Arrangement in the
Three States of Myosin
Left, ribbon diagrams of chicken S1 (A),
scallop S1 complexed with MgADP (B), and
smooth MDE±AlF42 (C); right, schematic
drawing of the subdomains. (The SH3 motif
and both light chains are omitted for clarity.)
The structures are oriented so that the N-ter-
minal and upper 50 kDa subdomains super-
impose. Note the different positions of the
lower 50 kDa subdomain and the converter
(green). Changes in the orientation of the con-
verter are amplified by the lever arm. The
black arrows indicate the direction of move-
ment of the lower 50 kDa subdomain and the
converter from that in the chicken S1 struc-
ture (A). Movement of the subdomains from
one state to another is controlled by coupled
conformational changes of the three joints:
switch II (orange), the relay (yellow), and the
SH1 helix (red).
Small variations in the relative orientation of the light of structural information between the motor domain and
the lever arm. These interactions are, however, limitedchain lobes are observed but are minimal at the ELC/
RLC interface because of the specific binding of a Ca21 and differ in the scallop structure, chicken striated S1,
and smooth MDE at both the interface with the converterion in the regulatory site.
The converter is a small compact subdomain whose and the N-terminal subdomain (Figure 3). Since the first
three turns of the long heavy chain helix are part of therole is to amplify the conformational changes of the
motor domain. By comparing three states of myosin, converter, in contrast to the following turns that interact
strongly with the ELC (Houdusse and Cohen, 1996), vari-we can now define this region more precisely than pre-
viously (Houdusse and Cohen, 1996; Dominguez et al., ability of the converter/ELC interface requires differ-
ences in the bending of the long heavy chain helix. This1998). Thus, the converter has a conserved overall topol-
ogy, encompassing residues Phe-707 to Arg-774. The hinge occurs at residues Leu778±Lys780. Here the
heavy chain helix is almost straight in the scallop struc-first three turns of the long heavy chain helix (Gly765±
Arg774) that extends into the lever arm play an essential ture, but in chicken S1 it is bent by z308 and in smooth
MDE by z608, since one turn of the helix is unwound.role in the internal stabilization of the converter (Figure
3). In all three states, this part of the heavy chain helix Because of their amplification by the 85 AÊ long lever
arm, these differences in the interactions of the con-is maintained precisely due to strong interactions with
the rest of the converter: they include hydrogen bonds verter/ELC interface are of significance in the calculation
of the step size deduced from different orientations ofbetween three conserved residues within the myosin
superfamily (Arg-719, Tyr-720, and Glu-771) and two the converter. These differences may correspond pri-
marily to variations among isoforms and may explain inlarge clusters of hydrophobic interactions. Because of
these strong and conserved linkages, changes in the part differences in the mechanical properties or in the
regulation of various myosin isoforms. They also indi-orientation of the converter are transmitted to the rest
of the long heavy chain helix that forms the backbone cate that the converter/lever arm may not move as a
rigid body during the contractile cycle. Structural resultsof the lever arm.
The interactions between the ELC and the motor do- on the same myosin in different states are essential to
establish this point (A. H. et al., in preparation).main are potentially a second route for the transmission
A Novel Conformational State of the Myosin Head
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Figure 3. The ELC/Converter Interactions
Modulate the Position of the Lever Arm
Different positions of the converter in the
three states result in major movements of the
lever arm (see Figures 1 and 2). This diagram
illustrates how the converter and the ELC in-
teract differently in chicken S1 (A), scallop
S1 complexed with MgADP (B), and smooth
MDE±AlF42 (C). In this view, the converter
(green) and the HP helix (yellow) appear to
be in similar positions. Note that differences
in the interactions between the C-terminal
lobe of the ELC (pink) and the motor domain
in these structures result in different bending
of the heavy chain helix (cyan) after the first
three turns (green) that are part of the con-
verter.
The Four Subdomains within the Motor Domain of these two subdomains from one state to another
can be estimated by the average rms deviation of theAre Linked by Three Flexible Joints
Comparison of the three conformational states reveals conserved Ca residues of these subdomains when the
structures are superimposed (see Table 2).the organization and articulation of the four major sub-
domains within the motor domain: the N-terminal, upper The movement of these four subdomains of the motor
domain in the transitions from one state to another is50 kDa and lower 50 kDa subdomains, and the converter
(see Figure 2). Conserved secondary and tertiary struc- brought about by coupled conformational changes of
three short structural elements of the myosin head:tures within the subdomains account for their invariance
in different states (see Table 2). The positions of the switch II, an element that we call the ªrelay,º and the
SH1 helix (see Figures 1 and 2). These elementsÐwhichN-terminal and upper 50 kDa subdomains on either side
of the nucleotide-binding pocket are also relatively con- we call jointsÐare highly conserved in sequence and
located in the core of the myosin head. The relay, com-served in the three states. In order to superimpose and
compare the three conformational states of myosin, we prising the end of the so-called HP helix followed by a
loop (residues Asn489±Asp515), is part of the lower 50have used 366 equivalent Ca positions in the N-terminal
and upper 50 kDa subdomains, excluding the variable kDa subdomain and is located at the interface with the
converter. This joint also interacts with the SH1 helixloop regions and the SH3 motif. The lower 50 kDa subdo-
main and the converter adopt markedly different posi- (residues Cys693±Phe707) that connects the N-terminal
subdomain and the converter. Switch II (residues Ile461±tions in the three states. The amplitude of the movement
Table 2. Rms Differences (AÊ ) between Structurally Equivalent a Carbon Positions in Various Myosin Structures
Subdomains of the Myosin Head
(No. of Residues within Each Part N-Terminal Upper 50 kDa Lower 50 kDa Converter
Used for Superimposition) (144 Residues) (222 Residues) (108 Residues) (56 Residues)
state 3/state 1
scallop S1/chicken S1 1.39 0.82 1.20 0.76 3.00 0.66 20.85 1.24
scallop S1/Dicty MD±BeFx 0.81 0.67 0.96 0.81 3.01 0.68 24.22 0.99
state 3/state 2
scallop S1±ADP/Dicty MD±VO4 0.76 0.62 1.00 0.96 5.04 0.69 Ð Ð
scallop S1±ADP/smooth MDE±AlF42 0.83 0.72 1.08 1.07 5.45 0.92 34.16 0.80
state 2/state 1
Dicty MD±VO4/Dicty MD±BeFx 0.82 0.51 0.62 0.48 2.91 0.66 Ð Ð
Dicty MD±VO4/chicken S1 1.64 0.96 1.22 0.94 3.69 0.66 Ð Ð
Smooth MDE±AlF42/Dicty MD±BeFx 1.04 0.71 1.07 0.96 3.31 0.93 22.95 1.13
Smooth MDE±AlF42/chicken S1 1.77 1.05 1.42 1.14 4.07 0.87 22.95 1.25
state 1
chicken S1/Dicty MD±BeFx 1.06 0.79 0.96 0.87 1.19 0.60 4.27 1.33
state 2
Dicty MD±VO4/smooth MDE±AlF42 0.78 0.59 1.07 1.02 0.97 0.74 Ð Ð
The numbers in italics correspond to the rms differences for equivalent Ca positions used to superimpose the subdomains. The numbers in
bold correspond to the rms differences for these Ca positions when the structures are superimposed using 366 Ca positions from N-terminal
and upper 50 kDa subdomains.
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Asn470), whose conformation influences the coordina- scallop S1 crystals complexed with MgADP do not dis-
play an ADP-specific state of myosin.tion around the g-phosphate of the nucleotide, is a linker
at the bottom of the 50 kDa cleft that connects the upper
and lower 50 kDa subdomains. The joints therefore link Lack of Stabilization of Switch II Allows a Novel
all four subdomains of the motor domain and play a Open Conformation of the g-Phosphate Pocket
critical role in transmitting structural changes within the Comparison of the Dictyostelium MD±BeFx (state I) and
head. Although the importance of these elements had MD-VO4 (state II) structures has shown that a conforma-
been recognized earlier in descriptions of the transition tional change affecting a highly conserved element near
from state I to state II in the myosin head (Fisher et al., the g-phosphateÐthe so-called switch IIÐplays an im-
1995; Dominguez et al., 1998), this third conformation portant role in closing the 50 kDa cleft and locking the
of the myosin head enables us to analyze more closely structure in the transition state of hydrolysis (Fisher et
their detailed architecture and mechanical properties. al., 1995). Switch II is a linker at the bottom of the 50
The myosin head appears to be so designed that only kDa cleft that connects the upper and lower 50 kDa
the converter is relatively unconstrained, while the other subdomains. In the scallop structure, switch II adopts
three modules of the motor domain have limitations on a third conformation that differs from both states I and
their motions. For example, the relative orientations of II because of a different bending of the main chain at
the N-terminal and upper 50 kDa subdomains are re- residues Ile-461 and Gly-463 (Figure 4). As in state I,
stricted, since they share the central seven-stranded b the g-phosphate pocket is open because the first five
sheet of the motor domain. Near the actin-binding site, residues of switch II adopt an extended conformation
the movement of the upper and lower 50 kDa subdo- and are not involved in specific interactions. By contrast,
mains is also restricted by a four-residue ªstrutº (resi- in state II structures, closure of the g-phosphate pocket
dues Asp600±Asn603) that spans the actin-binding cleft is induced by a bent conformation of these residues
after the HT helix. (Note that the nomenclature for the that form a salt bridge and four hydrogen bonds with the
structural elements of the myosin heavy chain cited in upper 50 kDa subdomain. The HP helix follows switch II
this paper is that used by Cope et al. [1996] to compare in the structure and plays a critical role in allowing the
with other myosins.) Similarly, two critical elements of rest of switch II to move as a rigid body (Figure 4). Point
secondary structureÐan a helix of the lower 50 kDa mutations in switch II and the HP helix have revealed
subdomain and the third strand of the central beta sheet how important these specific interactions are for proper
of the N-terminal subdomainÐare linked by only two functioning of the motor (Ruppel and Spudich, 1996).
residues: Thr-663 and His-664. These three subdomains Moreover, the first five turns of the HP helix are involved
are thus constrained in their range of motion. In contrast, in numerous conserved interactions with the secondary
the converter is connected to the other subdomains by structural elements of the lower 50 kDa subdomain; this
only two deformable joints (the relay and the SH1 helix) helix thus constitutes an essential internal element of
and can therefore greatly amplify small rearrangements this subdomain. Taken together, the conserved interac-
within the head. tions between switch II, the HP helix, and the other
elements within the lower 50 kDa subdomain allow the
small conformational change at the beginning of switchThe Nucleotide-Binding Site Shows that the Third
II to be amplified to produce a movement of the wholeConformational State of Myosin Is Not an
lower 50 kDa subdomain.ªADP-Specificº State of the Molecule
The electron density within the nucleotide-binding site
clearly confirms that this scallop structure contains The Relay Controls the Converter/Lever
Arm PositionMg21-ADP as well as a few water molecules. The ligand-
ing around the Mg21-ADP is the same as that found The last three turns of the long HP helix (residues
Asn489±Glu503) and the loop that follows (residuesin all myosin±nucleotide complexes described so far
(Fisher et al., 1995). In contrast to the GTP-hydrolyzing Gly504±Asp515) constitute an elongated extension of
the lower 50 kDa subdomainÐwhich we call the relayÐG proteins (Vale, 1996), the absence of a g-phosphate
in the scallop structure does not trigger a conformational that plays a critical role in the transmission of conforma-
tional change to the converter. (Note that in Dominguezchange in the P loop (residues Gly-176 to Glu-184) or
switch I (residues Asn-237 to Gly-244). Two water mole- et al. [1998], which described a transition state structure,
this region is referred to as the ªrigid relay loop.º) Thiscules interact with these loops, as do two oxygens of
the g-phosphate when an ATP analog is bound in Dicty- element at the surface of the molecule is relatively rigid,
due for the most part to the unusually stable HP helixostelium MD structures (Fisher et al., 1995). Similarly,
the Dictyostelium MD-ADP structure (which is in state that constitutes one of its sides. In all three structural
states of a myosin head observed to date, the end ofI) contains three water molecules that substitute for all
three oxygens of a g-phosphate (Gulick et al., 1997). the HP helix and three residues of the loop (residues
Glu496±Ala506) interact with the converter in a con-Moreover, scallop S1 complexed with the ATP analogs
AMPPNP or ADP´BeFx yields crystals with unit cells very served manner (Figure 5). As a result, conformational
changes in the relay play an important role in positioningsimilar to that of the crystals of S1 complexed with
MgADP, indicating that these structures are similar. An the converter, thereby directing the movement of the
lever arm during the contractile cycle.ATP molecule could thus fit into the nucleotide-binding
pocket of the scallop structure without requiring any In contrast to this highly conserved feature, the resi-
dues at the beginning and the end of the relay adoptconformational change. These results indicate that the
A Novel Conformational State of the Myosin Head
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Figure 4. Coupling of the Conformational Changes of the Joints in the Three States
Ribbon diagram illustrating the differences in the conformation of the joints in chicken S1 (A), scallop S1 complexed with MgADP (B), and
smooth MDE±AlF42 (C). The N-terminal (gray) and upper 50 kDa (blue) subdomains of these structures (on the right side) superimpose. (Note
that here the structures are oriented similarly to those in Figure 2.) Near the nucleotide-binding pocket, changes in the first five residues of
switch II (orange) affect the position of the lower 50 kDa subdomain. The rest of switch II is invariant because of interactions with three
asparagine residues (purple) of the HP helix (white and yellow). Note that in (C), the HP helix must bend, since the conformation of switch II
has positioned the lower 50 kDa subdomain closer to the N-terminal and upper 50 kDa subdomains than in (A) or (B). The SH1 helix is unwound
in (B), and the two cysteine residues (black balls) are only 7 AÊ apart. A small conformational change of switch II positions the lower 50 kDa
subdomain z3 AÊ ªhigherº in (B) than in (A) and induces the unwinding of this helix. To estimate the amplitude of this movement, the Ca of
Y583 (green ball in [B]) can be compared to that of the equivalent residue of chicken S1 (orange ball) or smooth MDE±AlF42 (cyan ball).
Comparison of the environment of the residues of the bend between the SH2 (pink) and SH1 (red) helices shows that they can interact with
switch II in (A) and the b strands of the lower 50 kDa subdomain in (A) and (C), but that none of these interactions can occur in (B). The
different conformations of these joints result in very different positions of the converter (e.g., note the b sheet in green).
different conformations in various states of the myosin charged residues (Arg-754, Lys-763) of the converter,
which may reduce the fluorescence of this residue (Bivinhead, allowing different orientations of the conserved
surface that interacts with the converter. The first resi- et al., 1993). Trp-507 seems, therefore, to be a particu-
larly good sensor of the conformational state of thedues of the relay occur in the middle of the HP helix,
and conformational changes here are limited to various myosin head.
bending motions of this helix. Unlike the neighboring
SH1 helix (see below), the HP helix does not unwind, The SH1 Helix Is Unwound and May Allow the Lever
Arm to Adopt Multiple Conformationssince it is stabilized by interactions with the converter
as well as with a cluster of hydrophobic interactions The two most reactive sulfhydryls of the myosin head,
Cys-693 (SH2) and Cys-703 (SH1), belong to the so-around Phe-493 and Phe-512. In structures of states I
or III, the loop is less rigid after Trp-507 than the rest of called SH1 helix region (Cys693±Phe707) that is known
to undergo nucleotide-induced conformational changesthe relay, since it is exposed to the solvent. In state II,
however, this region is involved in many interactions (Reisler et al., 1974; Wells and Yount, 1980; Huston et al.,
1988). This 15 residue±long region links the N-terminalwith the SH1 helix, and the entire relay is therefore most
rigid in this transition state of the myosin head (Domin- subdomain to the converter and constitutes a third joint
in the myosin head. Changes in its conformation enableguez et al., 1998).
The tryptophan residue of the relay, Trp-507, is be- the converter to adopt various orientations during the
contractile cycle. Residues Gly695±Gly706 are helical inlieved to be responsible for the fluorescence enhance-
ment observed during ATP hydrolysis (Hiratsuka, 1992). structures of both states I and II, but in the scallop
structure, part of this region (residues 696±703) is disor-As shown in Figure 5, the environment of this residue
changes in different states of the myosin head and is dered (Figure 4). The relative positions of Gly-695 and
Gly-706 indicate that the SH1 helix is, in fact, unwoundmost hydrophobic in transition state structures. In the
scallop structure, the side chain has flipped by z908, in this structure. The two reactive sulfhydryls SH1 and
SH2 are z18 AÊ apart in structures of states I or II andallowing more interactions with the converter to take
place. Some of these interactions involve positively cannot be cross-linked, since they face opposite sides
Cell
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Figure 5. The Relay Controls the Position of the Converter to which It Is Linked by Strong Conserved Interactions
Ribbon diagram of the interface between the relay (yellow) and the converter (b sheet and last helix in green) in chicken S1 (A), scallop S1
complexed with MgADP (B), and smooth MDE±AlF42 (C) oriented so that the converters superimpose. Note that the orientation of the last
three turns of the HP helix (yellow) is similar in all these structures, since three glutamate residues of this helix (brown) interact with residues
of the converter (cyan) in all three states. In contrast, the conformation of the loop of the relay (yellow) is very different and is most rigid in
(C) where it interacts with the SH1 helix (red). Conformational changes at both ends of the relay allow the orientation of the lower 50 kDa
subdomain (white, HP and HQ helices) to differ with respect to that of the converter in these three states. Note also how the environment
around the tryptophane residue (blue) of the relay varies in the three states.
of the SH1 helix. In the scallop structure, however, these N-terminal subdomain, fits into a kind of cavity between
this subdomain on one side and the relay on the othertwo sulfhydryls are only z7 AÊ apart. This structure thus
explains at long last how cross-linkers can react with (see Figure 4). The size and shape of the cavity depends
strongly on the relative positions of the lower 50 kDaboth cysteine residues in the presence of nucleotides.
Mutation studies have shown that for proper function- and N-terminal subdomains. In states I and II, the cavity
is filled by the helix, which makes van der Waals con-ing, myosin requires two highly conserved glycines lo-
cated at either end of the SH1 helix (Gly-695 and Gly- tactsÐbut no specific interactionsÐalong its length.
The end of the helix is involved in few specific interac-706, scallop sequence) (Kinose et al., 1996; Patterson
et al., 1997). Comparison of the structures of states I tions, but these vary in the two states. Overall, the SH1
helix is marginally stable in these structures. It can there-and II shows that bending of the peptide chain at these
glycine residues allows a rotation of the SH1 helix that fore undergo modest conformational changes such as
the rotation by about 108 between states I and II. The lastis essential for the movement of the converter (Domin-
guez et al., 1998). In these structures, these glycines residues of the SH1 helix lead directly to the converter,
which is held in position by strong linkages to the relay.adopt Ramachandran angles that are permissible for all
residues. But in the mutant myosins, this region would Any conformational changes of the relay and the SH1
helix must therefore be coupled so that both maintainprobably be disturbed, since the mutant side chains,
which are sequestered in rather confined cavities, would strong linkages with the converter. Since the relay also
plays a role in stabilizing the SH1 helix on one side, acause steric hindrance. In the scallop S1 structure with
bound MgADP, the second glycine (Gly-706) adopts Ra- change in its location that separates these two joints
can produce a major destabilization and unwinding ofmachandran angles disallowed for all amino acid resi-
dues but glycine and is thus critical to orient the con- the helix, as seen in the scallop structure.
There is also a direct connection between the confor-verter in its new location. Flexibility from another glycine
residue (Gly-699) located in the middle of the SH1 helix mation of switch II and the precise position of the relay,
since a major role of switch II is to control the locationmight promote the unwinding of the helix.
Study of the environment of the SH1 helix in the three of the lower 50 kDa subdomain. Moreover, a few resi-
dues of the lower 50 kDa subdomain are directly in-structural states of the head indicates why this joint
displays a major change in conformation in the scallop volved in the stabilization of the short region where a
bend occurs between the SH2 and SH1 helices (residuesstructure. This element, situated at the periphery of the
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Cys-693, Asn-694, Gly-695) (Figure 4). In state II struc- I) structures where the S1 head is relatively rigid because
of subdomain interactions. This uncoupling and the re-tures, closure of the 50 kDa cleft near the nucleotide-
binding site brings the lower 50 kDa and the N-terminal sulting increased mobility of the lever arm are incompati-
ble with a post±power stroke S1-ADP state that bindssubdomains closer together than in state I and strength-
ens the contacts at the region of the bend between actin strongly. Correspondingly, crystals of scallop S1
bound to the ATP analogs AMPPNP or ADP´BeFx, whichthe SH1 and SH2 helices. In this state, to avoid steric
hindrance between the SH1 helix and the HP helix of have unit cells similar to those of the S1-ADP crystals,
have been obtained, indicating that these structures arethe relay, both joints must change conformation. A rota-
tion of the SH1 helix and a reorientation of the relay similar. No crystals, however, were obtained under simi-
lar ionic conditions for scallop S1-ADP´Pi analogs (S1-not only enhances the stability of the SH1 helix but
preserves as well the linkages that both joints make with ADP´VO4 or S1-ADP´AlF42) or for scallop S1 in the ab-
sence of nucleotide. Based on these considerations, wethe converter (see Figure 4). The conformation of switch
II thus triggers conformational changes in the other two believe that the scallop state III structure represents
an ATP state of the molecule. Additional experimentaljoints that result in an orientation for the converter that
is specific for the transition state. evidence to test this interpretation should come from
crystals of p-PDM cross-linked S1, which are now inIn the scallop structure, switch II adopts a third confor-
mation (somewhat similar to that in state I) that partially hand.
closes the 50 kDa cleft near the actin-binding site but
not near the nucleotide-binding site. This conformation A Picture for Strong Actin-Binding States
results in a separation of the lower 50 kDa and N-terminal The three states of myosin observed to date cannot
subdomains (see Figure 4B). The residues that form the correspond precisely to that of the strong actin-binding
region of the bend between the SH1 and SH2 helices states of the head at the end of the power stroke, since
can therefore no longer interact with the lower 50 kDa they all can be induced by the binding of ATP analogs.
subdomain, and the cavity for the SH1 helix near the Myosin bound tightly to actin adopts a rather rigid struc-
relay is wider in this state than in the others. Thus, loss ture characterized by a lever arm in the z458 orientation
of stabilizing contacts results in the unwinding of the (Rayment et al., 1993b) and, based on cross-linking re-
SH1 helix and the last turn of the SH2 helix. The converter sults, probably by an intact SH1 helix. Thus, little mobility
then cannot be held as firmly as in the other states, has been observed for probes bound to SH1 in a nucleo-
resulting in variability in the orientation of the lever arm tide-free or ADP state of actomyosin (Grinband et al.,
with respect to the motor domain. Lack of stabilization 1998), and SH1±SH2 cross-linking is also inhibited in
of switch II can thus lead to a small conformational these states (Nitao and Reisler, 1998a). A key unknown,
change of this joint that triggers the unwinding of the however, is which conformation of switch II in this rigid
SH1 helix between states I and III. state would position the lower and upper 50 kDa subdo-
mains so that most subsites can participate in actin
binding. To account for the strong actin-binding states,Discussion
a model in which the 50 kDa cleft is completely closed
has been proposed previously, since the chicken S1Unwinding of the SH1 Helix Indicates that the Novel
Structure Binds Actin Weakly and Corresponds structure was identified as a weak actin-binding ATP
state (Gulick and Rayment, 1997). Our results show,to an ATP State
A number of compelling arguments indicate that this however, that state III in scallop S1 can account for many
properties of the ATP state (see below). The chickenunusual structure, characterized by the unwinding of
the SH1 helix, is not a strong actin-binding ªADPº state S1 structure might in fact be marginally stable in the
presence of nucleotide, since a small conformationalbut corresponds to a weak actin-binding state of the
molecule. Cross-linking experiments have established change of switch II can produce the unwinding of the
SH1 helix. Moreover, this structure has many featuresthat the binding of ADP in the myosin head induces
flexibility in the SH1 helix (Reisler et al., 1974; Wells and of the hypothetical state that would bind strongly to
actinÐsuch as the z458 orientation of the lever arm, theYount, 1980; Huston et al., 1988; Liang and Spudich,
1998). More recent kinetic studies have shown that flexi- presence of an intact SH1 helix, and an open 50 kDa
cleft that can promote the release of phosphate. Anbility in the SH1 helix region can be induced by ATP
analogs and that actin prevents cross-linking (Nitao and alternative model for the strong actin-binding states of
myosin might therefore be a structure similar to that ofReisler, 1998). Moreover, once cross-linked by p-PDM,
S1-ADP can no longer bind strongly to actin filaments chicken S1, with an open cleft, but differing from it mainly
by its higher degree of stability. Stabilization of the head(Chalovich et al., 1983). These findings indicate that this
structure, in which the SH1 helix is unwound, cannot in the nucleotide-free state could result from the interac-
tions of switch II with surrounding loops such as thatcorrespond to the strong actin-binding ªADP stateº of
the contractile cycle. of switch I, whose conformation could readily change
when the nucleotide is not bound. Consistent with thisThe unusual structural features of this scallop state
support these biochemical results. At present, this myo- picture is the fact that in the absence of actin, lack of
nucleotide is sufficient to enhance the stability of thesin structure is the only one yet determined in which the
SH1 helix is unwound. This feature signifies that in this SH1 helix, whereas ADP promotes its unwinding. In the
actomyosin cycle, the myosin head would be rather rigidstructure the subdomains are loosely coupled, in con-
trast to the pre±power stroke (state II) or near-rigor (state in the ADP state because strong binding to actin at
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the end of the power stroke would stabilize, say, an state controls the relative positions of the major subdo-
mains. We consider first the detached states, for whichextended conformation of switch II that prevents the
unwinding of the SH1 helix. After release of ADP, small we have experimental data, and examine the structural
effects of the conformation and degree of stabilizationrearrangements (possibly within the upper 50 kDa and
N-terminal subdomains) could further increase the sta- of switch II. We have identified the scallop state III struc-
ture as one of a number of possible ATP states, sincebility of the myosin head in this strong binding conforma-
tion. In the case of vertebrate smooth muscle, larger the residues of switch I and the P loop are in a position
where they can ligand the g-phosphate of an ATP mole-rearrangements would take place, since a lever arm
movement has been observed (Whittaker et al., 1995). cule. In such ATP states (including, in our view, that
found in the chicken S1 structure), the first five residues
of switch II are both extended and unstabilized and
Weak Binding States of the Actomyosin Cycle: do not participate in the binding of the g-phosphate.
How Myosin May Detach from Actin Correspondingly, the other two joints are flexible as well
There are good reasons to believe that this scallop struc- and the subdomains are relatively independent. This is
ture (state III) is part of the actomyosin cycle and corre- a true ªrelaxedº state. In order for hydrolysis to occur,
sponds, as described above, not to an ADP but an ATP the first five residues of switch II must interact with
state. Myosin heads are dissociated from actin for a the upper 50 kDa subdomain to close the g-phosphate
considerable portion of the ATPase cycle (Linari et al., pocket. Switch II is now in a bent and rigid conformation.
1998), and the hydrolysis step contributes at least part These rearrangements result in the close approach of
of the cycle time (White et al., 1997). Although there is the N-terminal and lower 50 kDa subdomains so that
as yet no strong evidence that the unwinding of the the HP helix of the relay must bend and interact strongly
SH1 helix is critical for detachment of myosin heads, a with the SH1 helix. In this transition state, these joints
number of observations can be accounted for on this act together to produce a position of the converter that
basis. Thus, the internal mobility of the SH1 region in results in an up or primed position for the lever arm.
this structure explains the disorder of SH1 probes ob- This conformation is characterized by a rigid state of all
served by fluorescence polarization (Berger et al., 1996) joints and close interactions of the subdomains. Since
and EPR (Ostap et al., 1995) studies in skinned fibers. the phosphate is trapped, the head is now locked in
The apparent rate of ATP hydrolysis in detached heads the pre±power stroke state. Weak rebinding to actin is
might in fact be determined by the time required to quickly followed by repositioning of the upper and lower
reform the helix in the conformational change between 50 kDa subdomains to generate the strong actin-binding
states III and II. In our view, lack of constraints on the interface. The transition between these two relatively
conformation of switch II in the ªATPº state could lead rigid states generates the power stroke and promotes
to different relative positions of the upper and lower 50 the release of phosphate.
kDa subdomains, some of which could promote the We can now extend these ideas to consider in a gen-
unwinding of the SH1 helix and the low actin affinity. eral way possible conformational changes of the head
On this basis, we can attempt to picture where this in the strong binding states. The key feature that is
ATP state might fit into the actomyosin cycle. The ATP known is the 458 position for the lever arm. This orienta-
state in myosin consists in fact of a number of substates tion immediately positions the converter, the relay, and
(Lymn and Taylor, 1971; Bagshaw and Trentham, 1974). the SH1 helix that would adopt conformations similar
Starting with a true rigor state, binding of ATP would to those found in the chicken S1 structure. We cannot
produce a transient ATP state, similar to that of chicken describe, however, the conformation of switch II in this
S1, in which switch II is extended and unstabilized. This rigid state, since we do not yet know how actin binding
state would be followed by the longer-lived state III, in affects the cleft that is spanned at the base by switch
which ATP is trapped and the lever arm assumes a new II. As discussed above, there would be a difference,
position. Finally, the reformation of the SH1 helix would however, in the stabilization of switch II in an ADP-
lead to state II, where the lever arm is primed (Domin- compared with a nucleotide-free head. In the former
guez et al., 1998; Suzuki et al., 1998), followed by rapid case, constraints on the positioning of the subdomains
hydrolysis. Note that a movement of the lever arm has would arise mainly from the binding to actin, since the
recently been detected between two ATP states of myo- loops near the nucleotide are binding ADP. In the ab-
sin preceding ATP hydrolysis (Suzuki et al., 1998) and sence of nucleotide, rearrangements near the nucleo-
supports this sequence of events upon ATP binding. tide-binding site could provide new linkages to further
Consistent with this view is the fact that ATP analogs can stabilize the head. Rebinding of ATP would disrupt these
induce all three states and that a small conformational linkages, leading to a flexibility of switch II. The weak
change of switch II can easily promote the transition coupling in the ATP state of the head would affect both
between near-rigor (state I) and this structure (state III). the actin-binding interface and the orientation of the
Unwinding of the helix in state III may thus play an lever arm and so promote the dissociation of the motor
important role in enhancing the lifetime of this state from actin. Thus, the motor would be primed only when
and in increasing the population of detached heads in detached from actin, preventing the possibility of a re-
muscle fibers. verse power stroke.
PerspectiveCoupling Pathways
The nucleotide-binding site and the actin-binding inter- This novel structure is a key that helps us to interpret
a number of hitherto puzzling properties of the myosinface are two key regions on the myosin head whose
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